Karyopherinb (Kapb) proteins bind nuclear localization and export signals (NLSs and NESs) to mediate nucleocytoplasmic trafficking, a process regulated by Ran GTPase through its nucleotide cycle. Diversity and complexity of signals recognized by Kapbs have prevented prediction of new Kapb substrates. The structure of Kapb2 (also known as Transportin) bound to one of its substrates, the NLS of hnRNP A1, that we report here explains the mechanism of substrate displacement by Ran GTPase. Further analyses reveal three rules for NLS recognition by Kapb2: NLSs are structurally disordered in free substrates, have overall basic character, and possess a central hydrophobic or basic motif followed by a C-terminal R/H/KX (2-5) PY consensus sequence. We demonstrate the predictive nature of these rules by identifying NLSs in seven previously known Kapb2 substrates and uncovering 81 new candidate substrates, confirming five experimentally. These studies define and validate a new NLS that could not be predicted by primary sequence analysis alone.
INTRODUCTION
Karyopherinb proteins (Kapßs; also known as Importins and Exportins) are responsible for the majority of nucleocytoplasmic transport in the cell. At least 20 members of the Kapb family have been identified in humans. Kapßs bind specific sets of transport substrates and target them to the nuclear pore complex. The Ran GTPase regulates Kapb-substrate interactions and transport directionality through its nucleotide cycle (Chook and Blobel, 2001; Conti and Izaurralde, 2001; Gorlich and Kutay, 1999; Weis, 2003) . RanGTP is concentrated in the nucleus, while RanGDP is concentrated in the cytoplasm. In import pathways, RanGTP and substrates bind Kapßs competitively, allowing substrate binding in the cytoplasm and RanGTP-mediated release in the nucleus. In contrast, in export pathways, RanGTP, substrates, and Kapßs bind cooperatively, resulting in substrate binding in the nucleus and release in the cytoplasm as the Ran bound nucleotide is hydrolyzed.
In humans, ten import Kapßs have been shown to carry a diverse set of macromolecular substrates into the nucleus (Mosammaparast and Pemberton, 2004) . Despite significant efforts, only a few substrates have been identified for most import Kapßs, and large panels of substrates have been identified for only two pathways: those of Kapb1 and Kapb2 (see below). Each import Kapb appears to bind distinct sets of substrates, suggesting that each Kapb recognizes a different nuclear localization signal(s) (NLS[s] ). However, large sequence diversity among various substrates has prevented identification of NLSs for most Kapßs, and it remains extremely difficult to predict NLSs in candidate import substrates.
The classical NLSs are short, lysine-rich sequences that bind the adaptor protein Kapa, which forms a heterodimer with Kapb1, which in turn mediates nuclear import (Conti and Izaurralde, 2001) . Most other proteins imported into the nucleus do not utilize such an adaptor but rather bind directly to a Kapb. The few characterized NLSs that bind directly to Kapßs are diverse, encompassing both structural domains and linear epitopes. For example, crystal structures of three Kapb1-substrate complexes show structurally diverse substrates binding at different sites on the karyopherin (Cingolani et al., 1999 (Cingolani et al., , 2002 Lee et al., 2003) . Furthermore, most proteins that bind Kapb1 show little sequence or structural homology, and thus general features among substrates in this pathway cannot be inferred at this time.
In another import pathway, more than 20 mRNA processing proteins (including hnRNPs A1, D, F, M, HuR, DDX3, Y-box binding protein 1, and TAP) have been identified as import substrates of Kapb2 (Bonifaci et al., 1997; Fan and Steitz, 1998; Guttinger et al., 2004; Kawamura et al., 2002; Pollard et al., 1996; Rebane et al., 2004; Siomi et al., 1997; Suzuki et al., 2005; Truant et al., 1999) . Kapb2 binds its best-characterized substrate, splicing factor hnRNP A1, through the 38 residue M9 sequence (Bonifaci et al., 1997; Pollard et al., 1996 ) that we will refer to as M9NLS. Many studies have shown that the M9NLS peptide is both necessary and sufficient for nuclear import mediated by Kapb2 (Siomi and Dreyfuss, 1995; Weighardt et al., 1995) . Other than hnRNP A1, only NLSs in HuR (Fan and Steitz, 1998) , TAP , and hnRNP D and its homologs, the JKTPB proteins (Kawamura et al., 2002; Suzuki et al., 2005) , have been characterized. The NLSs of hnRNP D and HuR show marginal sequence homology to M9NLS, that of TAP shares no sequence homology with M9NLS, and none of the other Kapb2 substrates contain obvious M9NLS-like sequences. Like the Kapb1 system, the diversity of substrates and known NLSs in Kapb2 has also prevented prediction of NLSs in this pathway.
In the nucleus, RanGTP binds import Kapßs with high affinity and dissociates substrates (Chook et al., 2002; Floer and Blobel, 1996; Gorlich et al., 1996) . The unique repertoire of substrates for individual Kapßs suggests significant differences in their mechanisms of substrate recognition and therefore also differences in their regulation by Ran. The latter is illustrated in two different models for Ran-mediated substrate dissociation in the Kapb1 and Kapb2 pathways. For structurally diverse Kapb1 substrates that also bind at different sites on the karyopherin, Ran-mediated dissociation involves both a global conformational change that locks the Kapb1 superhelix into a substrate-incompatible conformation and a direct displacement by Ran (Cingolani et al., 1999 (Cingolani et al., , 2002 Lee et al., 2003 Lee et al., , 2005 Vetter et al., 1999) . Alternatively, structural and biochemical analyses of the Kapb2-RanGTP complex suggest that RanGTP and substrate binding sites do not overlap and that an internal loop of Kapb2 is crucial for substrate dissociation in the presence of Ran (Chook and Blobel, 1999; Chook et al., 2002) . Thus it appears that the two best-known nuclear import pathways may utilize Ran to dissociate substrates in different manners.
In order to understand the mechanism of substrate recognition and distill the critical elements for NLS recognition by Kapb2, and to understand the mechanism of Ran-mediated substrate dissociation for this import pathway, we have determined the structure of Kapb2 bound to the M9NLS of hnRNP A1. The structure and complementary biochemical studies reveal a set of rules for NLS recognition by Kapb2: NLSs imported by Kapb2 should occur within large (>30-residue) structurally disordered elements, have overall basic character, and contain a set of consensus sequences. These rules are predictive and have allowed us to identify and biochemically confirm NLSs in seven known Kapb2 substrates. Most importantly, we used these NLS rules in a bioinformatics approach and identified 81 new candidate import substrates for Kapb2. We have confirmed that five of these bind Kapb2 through the predicted NLS in a Ran-dependent manner. Finally, comparison with the previously determined structure of the Kapb2-Ran complex (Chook and Blobel, 1999) has revealed the mechanism of Ran-mediated substrate dissociation. M9NLS binds in the C-terminal arch of Kapb2, in a site spatially distinct from the Ran binding site. However, in the Ran complex, the acidic loop of Kapb2 occupies this substrate binding site. Thus, Ran binding induces structural changes in Kapb2 that are incompatible with substrate binding.
RESULTS AND DISCUSSION

Kapb2-M9NLS Complex: Structure Overview
Kapb2 is a superhelical protein with 20 HEAT repeats. It is almost exclusively a helical except for a 62 residue loop in repeat 8 (H8 loop, Figure 1A ). Each repeat consists of two antiparallel helices, A and B, each lining the convex and concave sides of the superhelix, respectively (Chook and Blobel, 1999; Chook et al., 2002) . Details of HEAT repeat nomenclature are described in the Supplemental Data. The Kapb2-M9NLS crystals contain a Kapb2 mutant with a truncated H8 loop bound to residues 257-305 of hnRNP A1 ( Figure 1B ). Biochemical studies showed that the loop neither hinders nor is necessary for substrate binding. However, it is sensitive to proteolytic degradation in substrate bound Kapb2, suggesting structural flexibility (Chook et al., 2002) . In the final Kapb2 construct, the H8 loop was truncated (a GGSGGSG linker replaces residues 337-367) to minimize disorder in the crystal. The Kapb2-M9NLS crystal structure was solved to 3.05 Å resolution (Table S1 , PDB ID code 2H4M).
The asymmetric unit of the crystal contains two Kapb2-M9NLS complexes (I and II). All residues in both Kapb2s are modeled except for three short loops at the N termini, H8 loop residues 320-337, and the engineered GGSG GSG H8 loop linker (disordered regions are indicated by dashes in Figures 1A, S1A , and S1B). Substrate residues 267-289 are observed in complex I, while additional substrate residues 263-266 are modeled in complex II ( Figure 1C) . Thus, the latter is used in structural analysis and discussion below. HEAT repeats 5-20 share similar conformations in both complexes (rmsd 1.7 Å ). In contrast, HEAT repeats 1-4 diverge to a distance of 7 Å at their N termini with high average B factors (93 Å 2 for complex I and 118 Å 2 for complex II), suggesting inherent conformational flexibility in this region of Kapb2.
The 20 HEAT repeats of the Kapb2-M9NLS complex form an almost perfect superhelix (pitch 72 Å , diameter 60 Å , and length 111 Å ; Figure 1A ). The superhelix can also be described as two overlapping arches, with the N-terminal arch spanning HEAT repeats 1-13 and the C-terminal arch spanning repeats 8-20. In the Kapb2-Ran complex, RanGTP binds in the N-terminal arch (Chook and Blobel, 1999) . Here, we observe that M9NLS binds in the C-terminal arch ( Figures 1A and 1C) .
The Kapb2-M9NLS Binding Interface M9NLS binds in extended conformation to line the concave surface of the C-terminal arch of Kapb2 ( Figure 1A ). Its peptide direction is antiparallel to that of the karyopherin superhelix, and substrate buries 3432 Å 2 of surface area in both binding partners. Tracing M9NLS from N to C terminus, residues 263-266 interact with helices H18A, H19A, and H20B of Kapb2, while residues 267-269 drape over the intra-HEAT 18 loop into the C-terminal arch of the karyopherin. The rest of M9NLS follows the curvature of the C-terminal arch to contact B helices of repeats 8-17 ( Figures 1A and 2A) . The substrate interface on Kapb2 comprises 30% of the concave surface of the C-terminal arch, which is relatively flat and devoid of deep pockets or grooves. Most of this surface, which includes the M9NLS interface, is also highly acidic ( Figure 2B ). M9NLS forms an extensive network of polar and hydrophobic interactions with Kapb2, involving both the main chain and side chains of the substrate (Figure 2A) . Most of the substrate interface on Kapb2 is acidic with the exception of several scattered hydrophobic patches. At the N terminus of M9NLS, residues 263-266 contact a hydrophobic patch on Kapb2 helices H19A and H20B ( Figure 2B, left) Figures 2B and 2C) . Further toward the C terminus, F281 binds near a hydrophobic patch formed by Kapb2 residues F584 and V643 ( Figure 2B , center), and finally, the C-terminal 288 PY 289 residues bind a large hydrophobic swath that includes Kapb2 residues A380, A381, L419, I457, and W460 (Figures 2B, right and 2D) . Despite the extensive acidic interface on Kapb2, there are only two basic residues in M9NLS. R284 forms salt links with Kapb2 residues E509 and D543, and the side chain of K277 is not observed.
Distribution of Binding Energy along M9NLS
In order to understand the distribution of binding energy along M9NLS, we measured dissociation constants (K D s) of a series of M9NLS mutants binding to Kapb2 using isothermal titration calorimetry (ITC). The results of the binding studies using MBP-fusion proteins of M9NLS residues 257-305 and wild-type Kapb2 are summarized in Table 1 and Figure S2 . Wild-type M9NLS binds Kapb2 with a K D of 42 nM. This ITC-measured affinity is somewhat lower than the previous K D of 2 nM measured by fluorescence titration but may be explained by the presence of both a covalently attached aromatic fluorophore and a significantly longer M9NLS spanning residues 238-320 in the earlier studies (Chook et al., 2002) . Substrate residues that make two or more side-chain contacts with Kapb2 (F273, F281, R284, P288, and Y289) were systematically mutated to alanines. Additional residues G274, P275, and M276 were also mutated given their implied importance in yeast-two-hybrid studies (Bogerd et al., 1999) .
G274A is the only single mutant that shows significant (18-fold) decrease in Kapb2 binding (Table 1) . Single mutants of C-terminal residues P288 and Y289 follow with modest decreases of 3-to 4-fold. Thus, it appears that M9NLS binds Kapb2 in a mostly distributive fashion, with a strict requirement for glycine at position 274 and modest though possibly important energetic contributions from C-terminal residues P288 and Y289. The importance of the PY motif is suggested in the R284/P288/Y289 and G274/P288/Y289 triple mutants, where 10-fold and 140-fold decreases were observed, respectively. Both triple mutants show nonadditivity in their binding energies when compared with single G274A and R284A and the double PY mutants, suggesting cooperativity between the C-terminal PY motif and both upstream binding sites at R284 and G274. The significance of the G274A mutation had previously been reported in both Kapb2 binding and nuclear import assays (Fridell et al., 1997; Nakielny et al., 1996) . The a carbon of G274 is in close proximity to neighboring substrate side chains F273 and P275 as well as Kapb2 residue W730, such that a side chain in position 274 may result in a steric clash ( Figure 2C ).
The important energetic contributions of the substrate's C-terminal PY motif and its central G274 residue are also supported by mutations of interacting residues in Kapb2. Double and triple Kapb2 mutants, W460A/W730A and I457A/W460A/W730A, both show significant decreases in Kapb2 binding ( Figure S1C ). I457 and W460 interact with the substrate PY motif, while W730 makes a hydrophobic contact with substrate P275 and is also close to G274 ( Figures 2C and 2D ).
Rules for Substrate Recognition by Kapb2
Prior to this study, among more than 20 known Kapb2 substrates, only NLSs from hnRNP A1, D, HuR, TAP, and their homologs had been identified (Fan and Steitz, 1998; Kawamura et al., 2002; Siomi and Dreyfuss, 1995; Suzuki et al., 2005; Truant et al., 1999) . All four NLSs span 30-40 residues, are rich in glycine and serine residues, and have overall basic character but share little sequence homology. To aid in assessment of the rules for NLS recognition by Kapb2 suggested below, we constructed a series of deletion mutants to map three additional NLSs from hnRNP F, M, and PQBP-1. The results of in vitro binding assays map the NLSs to residues 
Rule 1: NLS Is Structurally Disordered in Substrate
The extended conformation of the 26 residue M9NLS results in a linear epitope that traces a path of 110 Å . The structure of the bound substrate suggests that an NLS recognized by Kapb2 should exist within a stretch of at least 30 residues that lacks secondary structure in its native, unbound state. Thus, the NLS is most likely structurally disordered in the free substrate. The prediction of this NLS requirement is further supported by the fact that all seven known NLSs in Kapb2 substrates occur within sequences with high probability of structural disorder (>0.7) calculated by the program DisEMBL (Linding et al., 2003) . All seven NLSs are found either in loop regions between the RNA binding or other folded domains or at the termini of the substrates.
Rule 2: Overall Positive Charge for NLS Is Preferred A second requirement for an NLS recognized by Kapb2 emerges from the observation that Kapb2's substrate interface is highly negatively charged. An acidic peptide would likely not bind due to electrostatic repulsion, while an NLS with overall positive charge would most likely be favored. Examination of all known Kapb2 NLSs indicates overall basic character spanning at least 30 residues in six of seven cases ( Figure 3A ). In addition, regions that flank the NLSs most likely also contribute favorably to electrostatics. For example, although the TAP-NLS sequence delineated in Figure 3A has slightly more acidic than basic residues, flanking regions are highly basic and may ultimately contribute to overall basic character to promote Kapb2 binding. The importance of basic flanking regions is also observed in hnRNP A1. Here, the entire 135 residue C-terminal tail of the substrate has overall positive charge. A recent study showed that following osmotic shock stress in cells, four serine residues C-terminally adjacent to the M9NLS are phosphorylated, resulting in decreased binding to Kapb2 and accumulation of hnRNP A1 in the cytoplasm (Allemand et al., 2005) . Phosphorylation of the M9NLS-flanking serines may decrease the basic character of M9NLS and thus modulate interactions with Kapb2.
Rule 3: Consensus Sequences for the NLS All seven characterized NLSs recognized by Kapb2 exist in structurally disordered regions, suggesting that this class of NLS is represented by linear epitopes and not folded domains. However, apparent sequence diversity among previously characterized NLSs from hnRNP A1, HuR, TAP, and JKTBP homologs had prevented delineation of a consensus sequence that could be used to identify new NLSs or substrates. However, despite apparent NLS diversity, mutagenesis, structural, and sequence analyses have resulted in the identification of two regions of conservation within the sequences. The first region of conservation is found at the C terminus of the NLSs. Mutagenesis of M9NLS suggested the importance of its C-terminal PY motif (Table 1) . Sequence examination of previously characterized NLSs from hnRNP D, HuR, and TAP, as well as the newly characterized NLSs of hnRNP F, M and PQBP-1, identified consecutive PY residues in six of the seven sequences ( Figure 3A) . Mutations of the PY residues in PQBP-1 and hnRNP M also decreased Kapb2 binding, suggesting that they make energetically important contacts ( Figure 3B ). Mutations of the PY motif in JKTBP proteins and M9NLS were also previously shown to inhibit nuclear import (Iijima et al., 2006; Suzuki et al., 2005) . In addition, we observe that a basic residue is always found several residues N-terminal of the PY sequence, consistent with an adjacent acidic surface on Kapb2 ( Figures 2B, 2D , and 3A). Based on these observations, we propose a C-terminal consensus sequence R/K/H-X (2-5) -P-Y (where X is any residue) for NLSs recognized by Kapb2. We refer to this class of NLSs as PY-NLSs.
A second region of conservation within the PY-NLSs is found in the central region of the peptides. Examination of the central region divides the seven PY-NLSs into two subclasses. The first subclass includes M9NLS and NLSs of hnRNP D, F, TAP, and HuR, where four consecutive predominantly hydrophobic residues are located 11-13 residues N-terminal to the PY residues (Figure 3A) . We refer to this subclass of sequences as hydrophobic PY-NLSs or hPY-NLSs. In contrast, the central regions of NLSs from hnRNP M and PQBP-1 are virtually devoid of hydrophobic residues but are instead enriched in basic residues. They appear to represent a distinct studies and mutagenesis analysis to be important for import by Kapb2, and a consensus sequence of Z-G-P/ K-M/L/V-K/R (where Z is a hydrophobic residue) was previously suggested (Bogerd et al., 1999) . The mutagenesis-derived consensus holds in the context of the M9NLS sequence but does not describe NLSs in other Kapb2 substrates. A loose consensus of f-G/A/S-f-f (where f is a hydrophobic side chain) seems more appropriate upon comparison of the five central hydrophobic motifs in hnRNPs A1, D, F, TAP, and HuR ( Figure 3A ). The Kapb2-M9NLS structure explains preferences for hydrophobic side chains in positions 1, 3, and 4, as well as small or no side chain in position 2. Position 1 in M9NLS is F273, which occupies a hydrophobic pocket formed by Kapb2 residues W730 and I773 ( Figure 2C ). Position 3 is occupied by P275, which stacks on top of the indole ring of Kapb2 W730, and M276 in position 4 binds a small hydrophobic patch on Kapb2 formed by I722, P764, L766, and the Cb of S767. Thus, hydrophobic or long aliphatic side chains at positions 1, 3, and 4 in other hydrophobic hPY-NLSs would provide energetically favorable hydrophobic contacts with Kapb2. Mutagenesis of M9NLS suggests a strict requirement for glycine at position 2 (residue G274 in M9NLS) of the central hydrophobic motif. G274 is surrounded by adjacent substrate residues F273, P275, and Kapb2 residue W730, suggesting that the strict requirement for glycine is likely heavily dependent on the identity of adjacent substrate residues. Nevertheless, hydrophobic neighbors, even those not as bulky as F273 and P275 in M9NLS, will likely still not accommodate large side chains in position 2. The Kapb2-M9NLS structure provides some suggestion for how the central basic motif in the bPY-NLSs could be accommodated. In the structure, the M9NLS hydrophobic motif interacts with Kapb2 hydrophobic residues that are surrounded by numerous acidic residues ( Figures 2B  and 2C) . Thus, the highly acidic substrate interface on Kapb2 that contacts the central region of an NLS should also be able to interact favorably with numerous basic side chains. It is possible that the central basic and hydrophobic motifs in the two subclasses of PY-NLSs may take slightly different paths on Kapb2. Structures of Kapb2 bound to bPY-NLSs will be necessary to understand the difference between the two subclasses of PY-NLSs.
The NLS Rules Are Predictive
We have examined the sequences of the following eight recently identified Kapb2 substrates: Ewing Sarcoma protein (EWS), hexamethylene bis acetamide (HMBA)-inducible protein, Y-box binding protein 1 (YBP1), SAM68, FUS, DDX3, CPSF6, and Cyclin T1 (Guttinger et al., 2004) . We found the C-terminal R/K/H-X (2-5) -P-Y consensus within structurally disordered and positively charged regions of seven of them. The predicted NLSs for EWS, HMBA-inducible protein, YBP1, SAM68, FUS, CPSF6, and Cyclin T1 are listed in the bottom half of Figure 3A . The predicted signals in EWS, SAM68, FUS, CPSF6, and Cyclin T1 are hPY-NLSs, and those from HMBA-inducible protein and YBP1 are bPY-NLSs ( Figure S3D ). The easily detected PY motif is absent from DDX3, and we have not been able to show direct binding of DDX3 to Kapb2 (data not shown). Thus, DDX3 may not be a substrate of Kapb2 but may enter the nucleus by binding to a bona fide Kapb2 substrate. All seven predicted NLSs bind Kapb2 and are dissociated from the karyopherin by RanGTP, consistent with NLSs imported by Kapb2 ( Figure 3C ). The NLSs of Cyclin T1 and CPSF6 bind Kapb2 but more weakly than other substrates. It is not clear if this is due to proteolytic degradation of the substrates or to poor central hydrophobic motifs ( Figures  3A, 3C, and S3D) . Confirmation of these seven NLSs indicates that the three rules for NLS recognition by Kapb2 described above are predictive.
We have also applied the NLS rules to human proteins in the SwissProt protein database to identify potential Kapb2 substrates. A search for proteins containing NLS-sequence motifs ( Figures 3A and S3D ) using the program ScanProsite (Gattiker et al., 2002) followed by filtering for structural disorder (DisEMBL) (Linding et al., 2003) and for overall positive charge in the NLS resulted in 81 new candidate Kapb2 substrates (Tables 2 and 3 ). We chose five of these at random-protein kinase Clk3 (P49761), transcription factor HCC1 (Q14498), mRNA processing proteins RB15B (Q8NDT2) and Sox14 (O95416), and the Williams-Beuren syndrome chromosome region 16 protein/WBS16 (Q96I51)-and showed that both their predicted NLSs and the full-length proteins (except for RB15B, which could not be expressed in bacteria) bind Kapb2 and can be dissociated by RanGTP (Figures 3D and 3E) . Thus, the rules not only identify NLSs in known substrates but also are highly effective in predicting entirely new substrates.
Of the 81 candidate Kapb2 substrates, 48 contain hPYNLSs (Table 2) , 28 contain bPY-NLSs (Table 3) , and 5 contain PY-NLSs with both basic and hydrophobic central motifs. Forty-nine of the new substrates (60%) are involved in transcription or RNA processing, 18 have unknown cellular activity, and the rest are involved in signal transduction (8), cell-cycle regulation (3), and the cytoskeleton (3). Interestingly, information on subcellular localization is available for 62 of the predicted substrates, of which 57 (92%) are annotated to have nuclear localization. The SwissProt database used in the search is the most highly annotated and nonredundant protein database but it is still incomplete for human proteins (Apweiler et al., 2004) . Thus, the number of new Kapb2 substrates listed in Tables  2 and 3 is a lower limit of the complete set of Kapb2 import substrates. The large number of Kapb2 substrates currently predicted by our NLS rules already implies the generality and prevalence of PY-NLSs. Kapb1 and Crm1 are also involved in mitosis and centrosome duplication (Arnaoutov et al., 2005 and reviewed in Budhu and Wang, 2005; Harel and Forbes, 2004; Mosammaparast and Pemberton, 2004) , suggesting that many other Kapbs may be similarly involved in multiple cellular functions in addition to nuclecytoplasmic transport. Thus, Kapb2 substrates will likely include ligands responsible for other still unknown cellular functions of Kapb2 as well as large numbers of cargoes for nuclear import.
Mechanism of Ran-Mediated Substrate Dissociation from Kapb2
The interaction of RanGTP with Kapb2 to dissociate substrates in the nucleus is a crucial step in nuclear import. Structural comparison of Kapb2s in the M9NLS and RanGTP complexes (Chook and Blobel, 1999) shows large differences in their H8 loops ( Figure 4A ) and finally reveals the mechanism of Ran-mediated substrate dissociation. In the Kapb2-Ran structure, the H8 loop makes extensive contacts with both Ran and the Kapb2 C-terminal arch ( Figures 4A and 4B ) (Chook and Blobel, 1999) . In fact, much of the H8 loop is sequestered in the C-terminal arch, such that loop residues 338-350 occupy the same binding site as M9NLS residues 268-281. In contrast, proteolysis studies have suggested that the loop is exposed when Ran is absent (Chook et al., 2002) , and this is confirmed by the Kapb2-M9NLS structure. Even though the H8 loop in the M9NLS complex is truncated, only 14 of its 32 residues are observed, indicating disorder in much of the loop. Ordered loop residues include 312-319 that emerge from helix H8A and residues 369-374 that precede helix H8B (Figures S1A and S1B ). Residues 312-319 are in similar positions in both the Ran and substrate complexes, but residues 369-374 have shifted to direct the loop away from the arch in the substrate complex ( Figures 4A and S1B ). In summary, the concave surface of the C-terminal arch is free to bind substrate when Ran is absent, but the H8 loop occupies the substrate binding site when Ran is present. Interestingly, most of the substrate binding site remains unchanged in both ligand bound states with repeats 9-17 superimposing well at rmsd of 1.2 Å ( Figure 4A ). The mechanism of Ran-mediated substrate dissociation described here is a thermodynamic one. Ran may increase the dissociation rate of substrate, thus accelerating its release from Kapb2. Alternatively, the system is limited by the intrinsic dissociation rate of the substrate, and Ran-induced changes in the loop prevent substrate rebinding once dissociation has occurred. Despite extensive spatial overlap between the Ran bound H8 loop and M9NLS, no obvious sequence similarity is shared. This is not surprising since they bind in antiparallel directions to each other and their backbones deviate in path even where spatial overlap is greatest (loop residues 338-350 and M9NLS residues 268-281, Figure S4 ). However, the H8 loop obviously contains a linear epitope that binds Kapb2 and raises the possible existence of a different class of NLSs.
Why does the H8 loop only bind the C-terminal arch in the presence of Ran? The calculated electrostatic surface potential of the H8 loop in the presence and absence of RanGTP is distinct ( Figure 4C ). The H8 loop contains many acidic residues, particularly through 351 EDGIEEEDD DDDEIDDDD 368 directly C-terminal to residues 338-350, which overlap with M9NLS. Negative charges here may prevent binding of the loop to the acidic C-terminal arch ( Figure 4C , top). When Ran binds Kapb2, its basic patch (K127, R129, K132, K134, R140, K141, and K159) interacts with H8 loop residues 332-340 and 363-371. Again, long-range electrostatic effects of the basic interface of Ran may substantially decrease the negative charge of the loop, converting residues 338-350 into a more suitable ligand for the Kapb2 substrate binding site ( Figure 4C , bottom). Ran probably also imparts conformational constraints to orient the H8 loop in the substrate site. The relative importance of electrostatic versus conformational effects of Ran binding is not known. Biophysical studies of H8 loop mutants with varying charge and H8 loop peptides in trans will be crucial to parse the different effects of Ran on the loop. Another structural difference between the Kapb2-M9NLS and Kapb2-Ran complexes is found at the N-terminal arches ( Figure 4A ). Small changes in the orientation of a helices within and between HEAT repeats 1-10 result in a maximum displacement of over 23 Å at the N terminus. The M9NLS complex in the crystal cannot accommodate RanGTP, but biochemical studies had shown that Kapb2 can adopt a Ran-competent conformation when bound to substrate in solution (Chook et al., 2002) . The two Kapb2-M9NLS complexes in the asymmetric unit also diverge structurally with high B factors at the N-terminal four repeats, suggesting inherent flexibility in that region. Many Kapßs have been shown to exhibit structural plasticity and adopt multiple conformations (Fukuhara et al., 2004) . The Kapb2-M9NLS crystals have trapped a conformation of the N-terminal arch that is incompetent for Ran binding.
Many other Kapßs contain large insertions like the Kapb2 H8 loop. Kapb1 has a short 15 residue acidic loop in repeat 8 (Cingolani et al., 1999; Lee et al., 2005) , Cse1 has a 2 helix insertion in repeat 8 (Cook et al., 2005; Matsuura and Stewart, 2004) , and Crm1, Kapb3, Imp4, Imp7, Imp8, Imp9, and Imp11 are all predicted to have large insertions in their central repeats. Mutational studies of the predicted Crm1 insertion suggest that it also directly couples Ran and substrate binding (Petosa et al., 2004) . However, in Kapb1 and Cse1, the mechanisms of substrate dissociation appear distinct from those in Kapb2 and Crm1. Kapb1 binds three different substrates in three different binding sites, and RanGTP causes a drastic change in superhelical shape that distorts binding sites of substrates Kapa and SREBP-2 while directly displacing substrate PTHrP from the N-terminal arch (Cingolani et al., 1999 (Cingolani et al., , 2002 Lee et al., 2003 Lee et al., , 2005 . Similarly, the Cse1 insertion is a pivot point for global conformational change like that in Kapb1 (Cook et al., 2005) . Trends for coupling Ran and substrate binding in the Kapb family are emerging. Kapb2 and probably Crm1 employ a large insertion to directly couple the two ligands with little conformational change in the substrate binding site. In contrast, Kapb1 and Cse1 use large-scale conformational changes to transition from closed substrate-free to open substrate bound conformations.
Conclusions
The crystal structure of Kapb2 bound to its substrate M9NLS has revealed a set of rules that describe the recognition of a large class of nuclear import substrates. M9NLS adopts an extended conformation for 26 residues when bound to Kapb2, leading to the first rule that NLSs recognized by Kapb2 are structurally disordered in the free substrates. The structure also shows that the substrate binding site on Kapb2 is highly acidic, leading to the second rule that NLSs will have an overall positive charge. Finally, biochemical analyses of Kapb2-M9NLS interactions have mapped M9NLS residues that are important for Kapb2 binding, and examination of other Kapb2 substrates has revealed consensus motifs at these regions. The consensus motifs include a central hydrophobic or basic motif followed by a C-terminal R/K/HX (2-5) PY motif, leading to the name PY-NLSs for this class of signals. Although these rules are not strong filters individually or in pairs (not shown), together they provide substantial restrictions in 
EXPERIMENTAL PROCEDURES
Protein Expression, Purification, and Complex Formation In the crystallographic studies Kapb2 residues 337-367 were replaced with a GGSGGSG linker. This protein was expressed in E. coli BL21 (DE3) as a GST fusion from pGEX-Tev vector and purified as previously reported (Chook and Blobel, 1999; Chook et al., 2002) . M9NLS was expressed in E. coli as a GST fusion of hnRNP A1 residues 257-305 and purified as previously described (Chook et al., 2002) . Two-fold molar excess of GST-M9NLS was added to purified Kapb2, cleaved with Tev protease, and the complex purified by gel filtration chromatography. Selenomethionine-Kapb2 and selenomethionine-M9NLS were purified and assembled as for the native proteins. All complexes were concentrated to 25 mg/ml for crystallization.
Crystallization, Data Collection, and Structure Determination Native Kapb2-M9NLS complex was crystallized by vapor diffusion (reservoir solution: 40 mM MES pH 6.5, 3M potassium formate, and 10% glycerol) and flash frozen in liquid propane. These crystals diffracted at best to 3.5 Å . However, soaking the crystals in crystallization solution containing 0.7 mM of a 12 residue FXFG peptide (sequence: TGGFTFGTAKTA) improved diffraction to 3.05 Å . Data from an FXFG-soaked crystal were collected on the X-ray Operations and Research beamline 19-ID at the Advanced Photon Source, Argonne National Laboratory, and processed using HKL2000 (Otwinowski and Minor, 1997) (Table S1 ). Crystals of the selenomethionine complex were also obtained by vapor diffusion (reservoir solution: 0.1M Tris 8.0, 3M potassium formate, and 15% glycerol), soaked in FXFG peptide, and diffracted to 3.3 Å . Single-wavelength anomalous dispersion (SAD) data were collected on SBC-19-ID (Table S1 ) and processed with HKL2000 (Otwinowski and Minor, 1997) . Native Kapb2-M9NLS crystals (space group C2, unit cell parameters of a = 152.0 Å , b = 154.1 Å , c = 141.7 Å , and b = 91.7 ) contain two complexes in the asymmetric unit. Selenomethionine Kapb2-M9NLS also crystallized space group C2 but has a significantly different unit cell length in its a axis (unit cell parameters of a = 155.6 Å , b = 154.6 Å , c = 141.6 Å , and b = 91.6 ; Table S1 ). Native Patterson maps indicate that the two complexes in the asymmetric unit are related by pseudotranslation along the crystallographic c axis. Molecular replacement trials using the Kapb2-Ran structure were unsuccessful but SAD phasing followed by solvent flipping, both using the program CNS, produced interpretable electron density maps (Brunger et al., 1998) . A model comprising 90% of Kapb2 was built using O (Jones et al., 1991) , but electron density for the substrate remained uninterpretable even though M9NLS residue M276 could be clearly placed using a selenium site. The partial SAD-phased model was used as a search model for molecular replacement using the program Phaser with the Substrates also identified using hPY-NLS motif.
higher-resolution native dataset (McCoy et al., 2005) . Positional refinement using REFMAC5 (CCP4, 1994), followed by solvent flipping using CNS (Brunger et al., 1998) , yielded electron density maps that allowed 97% of Kapb2 to be built. The density was further improved by rigid body, positional, and simulated annealing refinement of Kapb2 alone, using the program CNS (Brunger et al., 1998) . The Fo-Fc map plotted at 2.5 s clearly showed strong density for M9NLS residues 267-289 in the complex I and residues 263-289 in complex II ( Figure 1C ). Even though soaking the crystals in FXFG peptide improved diffraction, no density was observed for the FXFG peptide. The final refined model shows good stereochemistry with R factor of 24.2% and R free of 27.2%. Yellow circles are loop residues that contact the Kapb2 arch and pink circles are Kapb2 helices. Red dashed lines indicate intervening loop residues that do not contact the Kapb2 arch. Blue triangles label residues that contact Ran, pink triangles label residues that contact the Kapb2 arch, and red circles label Kapb2 residues that also contact M9NLS. Polar contacts are shown with green lines and hydrophobic contacts with black lines. (C) Electrostatic surface potential of the H8 loop in the presence and absence of RanGTP, drawn with GRASP (Nicholls et al., 1991) . Top shows molecular surface of the isolated H8 loop (Kapb2 residues 310-372, Kapb2-Ran complex 1QBK). RanGTP and the Kapb2 superhelix are omitted from the electrostatic calculation to approximate charges of the loop in the absence of Ran. Bottom shows molecular surface of the H8 loop with electrostatic surface potential calculated using both RanGTP and the H8 loop to represent the Ran bound state.
NLS Mapping, Site-Directed Mutagenesis, and Kapb2 Binding Assays cDNA for hnRNPs F, M, PQBP-1, EWS, SAM68, HMBA-inducible protein, YBP1, FUS, DDX3, Clk3, Sox14, and WBS16 were obtained from Open Biosystems. cDNA for HCC1 and RB15B were obtained by PCR from a human fetal thymus cDNA library (Clontech). The full-length proteins as well as fragments listed in Figures 3C and S3B were subcloned using PCR into pGEX-Tev vector. Expression constructs for NLSs of Cyclin T1 and CPSF6 were generated using synthetic complementary oligonucleotides coding for the 28-mer peptides. Single, double, and triple mutations to alanine residues were performed using the Quickchange method (Stratagene), and all constructs were confirmed by nucleotide sequencing. Substrate proteins were expressed in E. coli BL21 (DE3) cells. GST-M9NLS was expressed at 37 C, GST-Kapb2 was expressed at 30 C, and the other substrates were expressed at 25 C, and all were purified using glutathione sepharose (GE Healthcare).
In each binding reaction involving new NLSs, mutant NLSs, and new Kapb2 substrates, approximately 18 mg of Kapb2 were added to 5-10 mg of GST substrate immobilized on glutathione sepharose, followed by extensive washing of the beads with buffer containing 20 mM Hepes pH 7.3, 110 mM potassium acetate, 2 mM DTT, 1 mM EGTA, 2 mM Magnesium acetate, and 20% glycerol. Immobilized proteins were visualized using SDS-PAGE and Coomassie Blue staining. Three-to five-fold molar excess of RanGTP (compared to Kapb2) is also used in some binding assays. Binding assays involving mutants of Kapb2 were performed similarly, with each reaction using approximately 10 mg of MBP-M9NLS added to 5-10 mg of GST-Kapb2.
Quantitation of Binding Affinity with ITC
Binding affinities of wild-type and mutant MBP-M9NLS to Kapb2 were quantitated using ITC. The ITC experiments were done using a MicroCal Omega VP-ITC calorimeter (MicroCal Inc., Northampton, MA). Proteins were dialyzed against buffer containing 20 mM Tris pH 7.5, 100 mM NaCl, and 2 mM b-mercaptoethanol. 100-500 mM wild-type and mutant MBP-M9NLS proteins were titrated into a sample cell containing 10-100 mM full-length Kapb2. Most ITC experiments were done at 20 C with 35 rounds of 8 ml injections. ITC experiments involving wild-type M9NLS were similar but with 56 rounds of 5 ml injections. Data were plotted and analyzed using MicroCal Origin software version 7.0, with a single binding site model.
Bioinformatics Search for New Kapb2 Substrates
Candidate Kapb2 substrates were identified by the program ScanProsite (Gattiker et al., 2002) using motifs f 1 -G/A/S-f 3 -f 4 -X 7-12 -R/K/H-X 2-5 -P-Y (where f 1 is strictly hydrophobic, f 3 and f 4 are hydrophobic and also include long aliphatic side chains R and K) and K/R-X 0-2 -K/R-K/R-X 3-10 -R/K/H-X 1-5 -P-Y and human proteins in the UniProtKB/Swiss-Prot protein database . All resulting entries were filtered for structural disorder using the program DisEMBL (Linding et al., 2003) and for positively charged NLS segments of 50 amino acids (beginning 40 residues N terminus of the PY to 10 residues C terminus of that motif). Proteins with potential PY-NLSs that are found in transmembrane proteins and those that occur within identified domains were eliminated from the list even though some NLSs may occur in long loops within folded domains.
Supplemental Data
Supplemental Data include five figures and can be found with this article online at http://www.cell.com/cgi/content/full/126/3/543/DC1/.
